The effects of dietary amino acid profile (based on muscle (M) or whole body 2 composition (WB) and the balance between indispensable (IAA) and dispensable amino 3 acids (DAA) in the diet on plasma levels of insulin and glucagon were analyzed in 4 rainbow trout and gilthead sea bream. 5
ingredients contain a certain proportion of anti-nutritional factors (Francis et al. 2001) . 7 Furthermore, with respect to indispensable amino acids (IAA) requirements of animals, 8 plant proteins are often limited in one or more amino acids (Sauvant et al. 2004 ), and 9 therefore in some cases, diets have to be supplemented with amino acids to avoid 10 deficiencies and maintain adequate amino acid profile for correct growth. 11
The pancreatic hormones, insulin and glucagon, are known to play a key role in 12 regulating the uptake of nutrients by tissues during the postprandial period (Navarro et 13 al., 1993) . Some studies reveal that levels of these hormones increase a few hours after 14 food ingestion and contribute to post-feeding amino acid and glucose clearance (Sundby 15 et al., 1991; Navarro et al., 1993) . 16 Insulin is an anabolic hormone that stimulates the uptake of nutrients and 17 incorporation by tissues (Duncan et al., 1998; Pérez-Sánchez and Le Bail, 1999; Peter 18 and Marchant, 1995) . In mammals, glucose is the main insulin secretagogue, along with 19 some amino acids, whereas in fish, amino acids are more potent than glucose in 20 stimulating insulin release (Mommsen and Plisetskaya, 1991) . However, the response of 21 insulin to dietary protein source (vegetable versus fish meal) and specially to the dietary 22 amino acid profile has been poorly studied. Only the insulinotropic activities of various 23 injected amino acids has been compared in the flounder (Andoh, 2007) . Insulin and 24 other peptides of its family, such as insulin growth factor-I (IGF-I), act through specific 25 tyrosine kinase membrane receptors (Le Roith et al., 1995) . In fish, IGF-I is not only a 1 growth factor, but also acts as a metabolic regulator both in vivo and in vitro (Castillo et 2 al., 2004; Wood et al., 2005) . 3
In mammals, glucagon also increases after a rich protein meal and it has been 4 considered a pivotal hormone in amino acid disposal during an amino acid load. A 5 pattern of biphasic increases in circulating post-feeding glucagon has been observed in 6 both rainbow trout and European sea bass (Navarro et al., 2002) , and the second 7 glucagon peak has been suggested to be related to the increase in postprandial amino 8 acids (Navarro et al., 2002) . Furthermore, glucagon is known to enhance the uptake of 9 amino acids in fish liver and stimulate the activities of aminotransferases (Inui and 10 Ishioka, 1983) . Information regarding the structure and function of fish glucagon and 11 related peptides has increased in the last years (reviewed by Plisetskaya and Mommsen, 12 1996; Moon, 1998; Mommsen, 2000; Mommsen and Busby, 2006) . Numerous in vitro 13 studies revealed that glucagon activates hepatic gluconeogenic pathway and glucose 14 output. However, the role of glucagon in relation to dietary factors still remains poorly 15 studied. 16 The present studies were part of a multidisciplinary project on the effects of diets The results obtained in both species show that increasing the amount of DAA 7 amino acids (glutamic acid) did not affect growth, irrespective of the IAA profile. 8
However, growth was slightly impaired in groups fed diets with lower IAA/DAA. In 9 rainbow trout, the negative impact of TM2 in FCR and PER appears not to be related to 10 the DAA content because these effects would then have been found in the TWB2 diet 11 group with the lowest IAA/DAA ratio, too. It is possible that this is related to the high 12 soy bean meal level in diet TM2. However, it should be noted that the SBM2 diet, with 13 similar composition, did not have such negative effects suggesting that trout are more 14 sensitive to soybean meal than gilthead sea bream. Nevertheless, M2 diets did induce 15 the lowest hepatosomatic indices in both species. 16 Diets with high carbohydrate content have been reported to induce a 17 proportional increase in postprandial glucose in trout (Novoa et al., 2004) . In the present 18 study, the absence of notable changes in glycaemia between the groups is consistent 19 with the composition of the diets, which were designed to present different amino acid 20 profiles but with similar carbohydrate content. Furthermore, circulating insulin is not 21 always well correlated with glycaemia levels and it appears to be more related to dietary 22 protein level and composition (Navarro et al., 2002) . 23
Baseline levels of insulin (24 h) were higher in trout than in sea bream, in line 24 with previous reports (Navarro et al., 2002 ). These differences may be related to thevariations in the rates of basal hormone secretion or degradation. But no data on these 1 possible differences between fish species are available. However, the postprandial 2 increase relative to baseline values, irrespective of the dietary treatment, was much 3 higher in sea bream, thus suggesting that the response of insulin to food ingestion is 4 relatively higher in this species. The reasons for such differences are not known, 5 because the only data regarding possible insulin secretagogues in sea bream indicate 6 that administration of arginine induces lower increases in plasma insulin levels in sea 7 bream than in salmonids (Vega-Rubin de Celis et al., 2004). Nevertheless, the 8 sensitivity of insulin to many other factors (carbohydrates, gastrointestinal hormones or 9 neural stimulus) might be enhanced in sea bream during the postprandial period. 10
The secretagogue effect of the different diets on circulating plasma insulin levels 11 seems to present a similar pattern in both species. For a given dietary AA profile 12 (muscle or whole body), groups fed with a higher IAA/DAA ratio exhibit higher plasma 13 insulin levels 6 h after feeding. The presence of different proportions of some amino values in the present study, the minimum circulating IGF-I level being found in the 9 WB2 group with the lowest growth. Thus, it appears that increased post-feeding insulin 10 levels might contribute to a "good hormonal scenario" which permits an optimal 11 nutritional and growth process. However, baseline insulin plasma levels did not exhibit 12 changes associated with dietary adaptation, which is in agreement with the maintenance 13 of insulin binding parameters. Indeed, only large changes in hormone levels can induce 14 variations in the number of receptors available in the membrane (Navarro et al., 1999) . 15 In contrast to insulin, baseline circulating levels of glucagon were lower in trout 16 than in sea bream, and were in the range of those reported in previous studies (Gutiérrez 17 et al., 1986; Navarro et al., 1991; Navarro et al., 1992) . For many years the only 18 reference for glucagon levels in sea bream has been the report by Gutiérrez et al. (1986) . 19
In that study, glucagon levels were analyzed in different species of fish and were found 20 to be highest in sea bream, with levels 2-to 8-fold higher than those of other teleost 21 species studied. More recently, it has been demonstrated that arginine increases 22 circulating glucagon levels in sea bream even more than insulin (Navarro et al., 2002) ; differences exist between carnivorous and omnivorous mammals. Although some amino 6 acids stimulate both insulin and glucagon secretion, it is also reported that the main 7 gluconeogenic amino acids are among the most potent alpha cell stimulators, a feature 8 which may be of physiological significance (Rocha et al., 1972) . In fish, the dispensable 9 amino acids alanine, aspartate and glutamate are potentially important as gluconeogenic 10
substrates (Moon and Foster, 1995) . In agreement with these observations the present 11 study in trout showed that within a profile (muscle or whole body), groups fed a lower 12 IAA/DAA ratio, with a higher proportion of some of those gluconeogenic amino acids, 13 presented slightly higher glucagon levels. It is believed that in mammals the aminogenic 14 glucagon release serves to stimulate hepatic glucose production and to avoid Plisetskaya, 1991). The post-feeding increase in glucagon irrespective of the diet 8 administered was also higher in sea bream than in trout. In mammals, a balanced 9 response between insulin and glucagon after a protein-rich meal is needed for an 10 optimal utilisation of nutrients. However, we cannot deduce from these experiments that 11 the specific response of pancreatic hormones contributes directly to a better adaptation 12 to diets in sea bream. 13
The force-feeding experiments enabled us to be sure that all animals sampled 14 had eaten the same ratio of food and at the same time, thus eliminating variability in the 15 hormonal response. In this way, these experiments permit us to check the effects of the 16 same levels of ingested food for the different diets. In addition, they were designed to 17 provide a complete hormone profile across the post-feeding period. In force-fed trout, 18 the insulin profile across the various sampling times was similar with both diets, but 19 with higher levels in the TM1 diet, this being consistent with the data from normal 20 administration of feed. This suggests that differences between diets as regards insulin 21 levels 6 h after normal feeding are really due to the intrinsic insulinotropic capacity of 22 dietary components, rather than being a possible consequence of differences in intestinal 23 transit rate or quantity of ingested food, parameters which are controlled and are the 24 same for both diets in forced feed experiment. Nevertheless, the observed profile withmaximum levels 6 h after feeding differs from that described previously for trout during that with the method of force feeding, which avoids all these external stimulating 8 factors, the early secretion of insulin is reduced. However, force feeding would appear 9 not to be the best method to study glucagon response in trout. Plasma glucose and 10 glucagon levels were higher than in normal feeding conditions and remained high 11 throughout the experimental period, thus suggesting a stress effect due to fish handling. 12 Indeed, glucagon levels have been previously related to stress conditions, such as 13 netting in tanks or handling (Navarro et al., 1992 ). It is also quite possible that under 14 force-fed conditions, dietary nutrient supply is perhaps higher than that under voluntary 15 feeding conditions. 16
In sea bream, force feeding did not induce changes in plasma levels of 17 pancreatic hormones. In this species, the cephalic phase may be even more necessary 18 than in trout, considering that the increase in insulin after force feeding was much more 19 evident in trout than in sea bream. The fact that no differences were found in insulin 20 levels between diets could suggest that maybe other factors than the composition of 21 diets are also affecting the postprandial hormonal response during normal 22 administration of food. Nevertheless, we cannot be sure because the insulin profile over 23 time does not fit with the postprandial increases expected (Pérez et al., 1988) . It is 24 possible that the response to force feeding in this species may not represent the realphysiological situation. The levels of glucagon found, which were lower than in a 1 normal feeding situation, suggest a different response of this hormone to a possible 2 stress situation in sea bream as compared to trout. Furthermore, although glucose levels 3 were also high the recovery to baseline values was more rapid in this species. 4
In conclusion, the dietary amino acid profile did not modify insulin levels, but 5 within a profile the decrease in the IAA/DAA ratio induced a lower stimulation of 6 postprandial insulin in both species, thus suggesting a β-cell sensitivity to small changes 7 in dietary amino acid proportions. These changes in postprandial insulin secretion did 8 not affect growth, but appear to contribute to an optimal nutritional and growth process. 9
Although the amino acid profile modulates postprandial glucagon secretion, individual 10 amino acids probably have different tropic activities depending on the fish species, thus 11 illustrating the complexity of glucagon secretion control. A greater emphasis must now 12 be placed on combined insulin and glucagon responses to diet so as to determine the 13 metabolic hormonal status that promotes optimal food use and growth. Table 4 . Growth performance, feed efficiency parameters and insulin and IGF-I binding 9 parameters in skeletal muscle of rainbow trout fed the experimental diets for 10 12 weeks. 11 Table 5 Asterisk indicates significant differences between diets for the same sampling 13 time of force feeding at p<0.05. 14 15 1 
